The acute effects of insulin and adenosine on rates of lipolysis and lipogenesis in pig adipocytes were investigated to determine what limits the expression of the insulin response in vitro. Adenosine and insulin independently inhibited isoproterenolstimulated lipolysis. Adenosine, acting through the pertussis toxin-sensitive G-protein G i , was more effective than insulin and could completely inhibit lipolysis. Fatty acid synthesis from glucose was increased by both adenosine and insulin. Neutralization of endogenous adenosine with adenosine deaminase decreased basal rates of lipogenesis and increased the insulin response
Introduction
Rates of lipolysis and lipogenesis in adipose tissue respond to insulin and the ligands that modulate the activity of adenylyl cyclase, including adenosine and β-adrenergic agonists. Interactions among the signaling pathways for these factors are extensive. Insulin can alter cellular cAMP concentration and attenuate the lipolytic response of β-adrenergic agonists (Elks and Manganiello, 1985; Houslay, 1986) . Adenylyl cyclase activity and cAMP concentrations are regulated by the opposing actions of G s -coupled (e.g., β-adrenergic agonists) and G i -coupled receptors (e.g., adenosine), and each can modify the cellular response to insulin (Smith et al., 1984; Londos, 1988) .
The in vitro response of pig adipocytes to insulin is inconsistent. Acute measures of glucose oxidation or incorporation into fatty acid are typically small or not detectable (Mersmann and Hu, 1987; Rule et al., 1987; Mills and Liu, 1990) , but chronic effects of insulin in countering the inhibitory effects of GH are clearly de-3201 from 30 to 60% above basal. Neutralization of G i with pertussis toxin further decreased the basal rate and increased the insulin response to 160% above basal. These data indicate that G i , and the ligands that signal through G i , stimulate glucose incorporation into fatty acids and can attenuate the insulin response. It seems likely that an exaggerated rate of glucose metabolism in the absence of insulin contributes to the inconsistent insulin responses exhibited in pig adipose tissue in vitro. These data also demonstrate that insulin and adenosine have major roles in regulating pig adipose tissue metabolism. monstrable (Walton et al., 1986) . Insulin clearly plays a maintenance function in adipose lipogenesis, but it is less clear whether the ineffectiveness of insulin to stimulate glucose metabolism and lipogenesis reflects the true situation in the animal or is an artifact of the in vitro environment. The acute antilipolytic effects of insulin indicate that some postreceptor events are modified in short-term incubations (Mersmann and Hu, 1987) .
Adenosine has insulin-like activity and can stimulate glucose transport (Londos, 1988; Carey, 1995) . Inhibiting adenosine action in pig adipocyte cultures decreases the basal rate of glucose incorporation into fatty acids and increases the insulin response (Liu et al., 1989) .
Thus, adenosine seems to mask insulin responses in vitro. The objective for this study was to further clarify the actions and interactions of insulin and adenosine on swine adipocyte metabolism.
Materials and Methods
Tissue Processing. Subcutaneous adipose tissue was collected from the shoulder of market-weight barrows and gilts during processing at a local slaughter facility or the Purdue meats laboratory. Procedures were approved by the Purdue animal care and use committee. No attempt was made to standardize genetics or nutrition. All pigs were slaughtered between 0800 and 1000. Tissue was placed in buffered saline (.15 M NaCl + 1 mM HEPES, 37°C) and processed within 15 min. Tissue slices (.5 mm) were prepared with a Stadie-Riggs microtome, and adipocytes were isolated after collegenase digestion (Liu et al., 1989) . Cells were suspended in Krebs-Ringer bicarbonate buffer (pH 7.4 containing 1.25 mM CaCl 2 , 10 mM HEPES, 5 mM glucose, and 3% BSA) to a final concentration of approximately 10 5 cells/mL and used immediately for incubations. Cell number was determined from the average cell diameter of approximately 200 cells fixed in osmium tetroxide (Liu et al., 1989) . Average cell diameter for all pigs in this study was 86 ± 3 µm.
Adipocyte Incubation. Duplicate 2-mL aliquots of the cell suspension were incubated in 20-mL polyethylene scintillation vials in an atmosphere of 5% CO 2 in oxygen. Incubations were carried out at 37°C in a gyratory water bath for 2 h, over which time responses were linear. Media additions of isoproterenol, N 6 -phenylisopropyladenosine (PIA), adenosine deaminase (ADA; 20 mU/mL), or insulin (1 mU/mL) were as indicated in each figure legend. The concentration of insulin saturates the insulin receptor and maximizes the insulin response . The concentration of ADA was chosen to magnify agonist-stimulated rates of lipolysis (Liu et al., 1989) . The PIA was diluted in 10% DMSO, and the other compounds were diluted in water and stored frozen, except that isoproterenol dilutions were made fresh daily. For some experiments, adipocytes were preincubated in the presence and absence of pertussis toxin (100 ng/mL) for 2 h at 37°C followed by washing the cells in fresh media and resuspension in incubation buffer. Pertussis toxin was also included during the final incubation in these experiments.
Lipolytic reactions were terminated by pouring cells and media into tubes containing .1 mL 35% HClO 4 . Tubes were centrifuged at 10,000 × g for 10 min, and supernatant fluids were neutralized (1 N KOH) and assayed for glycerol (Eggstein and Kuhlmann, 1974) . Rates of lipolysis were expressed as nanomoles of glycerol releasedؒmin -1 ؒ10 6 cells -1 . Rates of fatty acid synthesis were measured as the incorporation of [U-14 C]glucose into fatty acids. Cells were incubated in the presence of .5 µCi of glucose. Samples were processed as described previously, and rates are expressed as nanomoles of glucose incorporated into fatty acidؒmin -1 ؒ10 6 cells -1 (Liu et al., 1989) . Data were analyzed with least squares analysis of variance procedures using a block design, with pigs as blocks (SAS, 1985) . When appropriate, individual treatment differences were separated with StudentNewman-Keuls test.
Results
The impact of insulin and endogenous adenosine on the lipolytic response in swine adipocytes is illustrated in Figure 1 . Cells incubated in the absence of adenosine deaminase show a dose response to isoproterenol that is completely prevented by insulin. Removal of adenosine with the addition of adenosine deaminase increased the sensitivity to isoproterenol and the maximum lipolytic rate. Insulin again antagonized the response to isoproterenol as evidenced by a small rightward shift in the dose-response curve as well as a reduction in maximum rate. These data clearly illustrate an acute antilipolytic effect of insulin and adenosine that is likely mediated by a reduction in cAMP. Indeed the lipolytic response to dibutyryl-cAMP (dbcAMP), a nonhydrolyzable analog, is not affected by insulin or adenosine deaminase, indicating that the target for insulin and adenosine is the cAMP concentration ( Figure 1 ).
To further clarify the effect of adenosine on lipolytic rates, the response to the nonhydrolyzable adenosine analog PIA was evaluated. As shown in Figure 2 , PIA completely inhibited the isoproterenol-stimulated response. Adenosine and PIA signal through the A1 adenosine receptor and inhibit adenylyl cyclase through the G i family of GTP-binding proteins (Londos, 1988) . To determine whether G i is similarly involved in the PIA response in pigs, adipocytes were pretreated with pertussis toxin, which ADP ribosylates G i and prevents signaling through this pathway (Murayama and Ui, 1983) . As shown in Figure 3 , in the absence of pertussis toxin, isoproterenol (± ADA) stimulated lipolysis, and this stimulation was reversed by PIA. Pertussis toxin treatment had no detectable lipolytic response itself but maximized the response to isoproterenol in the absence of ADA. Furthermore, lipolytic rates were not affected by the inclusion of ADA or PIA, indicating that the signaling pathway for adenosine and PIA was interrupted.
Lipolytic rates in the presence of pertussis toxin (isoproterenol present) were equal to rates in the absence of pertussis toxin (isoproterenol + ADA), and both were greater than the rates of isoproterenol alone (Figure 3 ). These data further illustrate the inhibitory effects of endogenous adenosine. It is tempting to suggest that adenosine may account for all of the G i -mediated inhibition of adenylyl cyclase because adenosine neutralization with ADA equals G i neutralization with pertussis toxin. However, it is equally as likely that hormone-sensitive lipase activity, not cAMP concentration, is the limiting factor. We have shown that lipolytic rates in response to a dbcAMP dose titration or epinephrine + theophylline are similar, suggesting that cAMP concentrations are readily maximized .
In addition to being antilipolytic, adenosine may stimulate glucose uptake in rat adipocytes and promote insulin-like effects (Londos, 1988) . To determine whether adenosine produces similar responses in pig adipocytes, the effect of PIA on glucose incorporation into fatty acids was investigated (Figure 4 ). Glucose transport is rate-limiting for glucose metabolism by adipocytes and is a primary target for acute insulin action (Pessin and Bell, 1992) . Therefore, measuring glucose incorporation into fatty acids under the conditions of the assay fairly closely reflects rates of glucose transport. In the absence of insulin, PIA stimulated glucose incorporation by 20%. A high concentration of insulin alone stimulated glucose incorporation by 60%, and there was no detectable effect of PIA. At high PIA concentrations, the difference between the lipogenic rates in the presence and absence of insulin was lowered so that the stimulation by insulin was only 30%. This indicates that adenosine may mask some of insulin's effect on glucose metabolism.
To further characterize the influence of G i -mediated responses on glucose use, fatty acid synthesis was determined after pretreatment of adipocytes with pertussis toxin ( Figure 5 ). In the absence of pertussis toxin, insulin stimulated lipogenesis nearly 30% in the absence of ADA. The addition of ADA reduced the basal Figure 4 . Effect of N 6 -phenylisopropyladenosine (PIA) on basal and insulin-stimulated lipogenesis. Adipocytes were incubated 2 h in the presence of ADA (20 mU/mL) and in the presence and absence of insulin (1 mU/mL) and PIA (10 -7 M) in 10% DMSO. Rates in the absence of DMSO are shown by the filled symbols. Data are the means ± SEM for three experiments. *Means differ from PIA = 0 (P < .01). rate of fatty acid synthesis, resulting in a 60% stimulation when insulin was present. The basal rate of lipogenesis was further reduced in adipocytes pretreated with pertussis toxin. Rates were 50% lower than basal rates in the absence of ADA in cells not treated with pertussis toxin. The insulin-stimulated rate was equal in cells treated or not treated with pertussis toxin, resulting in a 160% stimulation by insulin in the pertussis toxin-treated cells. The addition of ADA had no effect, which was expected because pertussis toxin blocks the signaling of adenosine.
Adenosine has been shown to increase the sensitivity of the adipocyte to insulin for the stimulation of glucose transport (Klein et al., 1987; Ciaraldi, 1988) . Insulin dose-response curves measuring glucose incorporation into fatty acids were constructed in control and pertussis toxin-treated pig adipocytes. Composite curves from three experiments were fitted to a threeparameter logistic function, and the resulting EC 50 values were very similar for both treatments: .03 and .07 ng insulin/mL for control and pertussis toxintreated cells, respectively. Insulin binding to intact cells from the same preparations was also similar (data not shown).
Discussion
Results of these experiments clearly demonstrate that insulin and adenosine acutely modify lipolysis and lipogenesis in swine adipocytes, and they do so in a manner analogous to that in other species (Smith et al., 1984; Klein et al., 1987; Londos, 1988) . Further, insulin and adenosine have parallel but independent effects of increasing the rate of fatty acid synthesis and inhibiting the rate of lipolysis.
The best evidence that insulin plays a key role in glucose homeostasis in pigs comes from studies of induced diabetes. Pigs made diabetic with streptozotocin develop hyperglycemia characteristic of the diabetic state (Leaman et al., 1990; Taylor-Roth et al., 1998) . Furthermore, diabetic pigs have diminished adipose tissue lipogenic capacity, indicating that insulin is important in the maintenance of the lipogenic state (Romsos et al., 1971) . How insulin regulates glucose metabolism acutely in pig adipocytes has been less clear.
Insulin stimulation of glucose transport and fatty acid synthesis in rodent adipocytes is readily demonstrable (Karnieli et al., 1981; Smith et al., 1984; Orcutt et al., 1989) , but effects of insulin are inconsistent in pigs. Some researchers have reported small insulin responses (Walton et al., 1987; Liu et al., 1989) , whereas others have consistently reported no responses to insulin (Mersmann and Hu, 1987; Rule et al., 1987) . In addition, attempts to optimize the insulin response by manipulating in vitro conditions have been largely unsuccessful (Mersmann and Hu, 1987; Rule et al., 1987) . Dunshea et al. (1992) used in vivo tracer techniques to demonstrate that hyperinsulinemia stimulated glucose incorporation into adipose tissue lipids in fed pigs. These data clearly indicated an acute role for insulin in glucose disposal in pig adipose tissue and further pointed to a limitation of in vitro systems to allow for the observation of the insulin response. Data from our laboratory indicated a role for endogenous adenosine in masking the insulin response (Liu et al., 1989) . The addition of adenosine deaminase or theophylline to adipocyte incubations decreased the basal rate of glucose incorporation into fatty acid without affecting the insulin-stimulated rate. The net result was that the insulin response was increased from 40% to over 100%.
Results of the present study extend these observations and indicate that the insulin response is masked by an exaggerated basal rate of glucose transport and fatty acid synthesis. Adenosine deaminase reduced the basal rate of fatty acid synthesis approximately 25%. Pertussis toxin had a more profound effect, causing a 50% reduction in basal rate without affecting the insulin-stimulated rate.
Adenosine (PIA) stimulated fatty acid synthesis in the absence of insulin, which is consistent with the reduced rates seen with ADA. Adenosine stimulation of glucose transport has been shown previously in rodent adipocytes (Ciaraldi, 1988; Londos, 1988) , but responses are small in pig adipose tissue and not always observed (Mersmann and Hu, 1987) . Adenosine signals through the A1 adenosine receptor and the GTP-binding protein G i (Londos, 1988) . The G i seems to mediate the adenosine effect in pigs, as evidenced by the inhibition of the PIA effect on lipolysis by pertussis toxin, which inactivates G i . Therefore, ADA and pertussis toxin inhibit glucose metabolism to fatty acids by interfering with the action of G i . That pertussis toxin was more effective than ADA suggests that pertussis toxin might affect a larger pool of G i than can be accounted for by neutralization of extracellular adenosine. Whether this pool of G i represents a static basal pool of regulatory G-protein or an activated pool triggered by other G i -mediated ligands (e.g., nicotinic acid and prostaglandins) is not clear. Neutralization of adenosine with ADA has not always augmented the insulin response in pig adipocytes (Heckler and Carey, 1997) , which implies that ligands in addition to adenosine mask the insulin response. Alternatively, the possibility that complete neutralization of adenosine with ADA was not achieved because of an insufficient quantity of ADA (Mersmann, 1992) or an inaccessible pool of adenosine cannot be discounted.
The best-characterized action of G i is the inhibition of adenylyl cyclase. Neutralization of the G i pathway sensitizes adenylyl cyclase to G s -stimulation and leads to increased cAMP concentrations and activation of protein kinase A. Increased concentrations of cAMP are inhibitory to glucose transport (Smith et al., 1984) and fatty acid synthesis and could account for the decreased fatty acid synthesis by ADA and pertussis toxin. However, cellular changes in cAMP do not account for adenosine effects on glucose transport, which has led to the conclusion that G i is directly linked to the glucose transport process (Londos, 1988) . Both mechanisms are likely functional in the pig. In previous work, we showed that even though dbcAMP inhibits fatty acid synthesis and stimulates lipolysis, in the presence of ADA, dbcAMP is a more potent inhibitor of fatty acid synthesis . These data support the idea that adenosine has effects in addition to the inhibition of adenylyl cyclase. In the present study, both ADA and pertussis toxin decreased rates of fatty acid synthesis but had little or no effect on lipolysis, suggesting that the effects of these two agents were not mediated by changes in cAMP. Further, because insulin-stimulated fatty acid synthesis is inhibited by dbcAMP , it seems likely that ADA and pertussis toxin would have decreased insulin-stimulated lipogenesis if the effects were mediated via cAMP. Insulin-stimulated lipogenesis was not decreased, suggesting that the primary effect was independent of cAMP.
Adenosine seems to increase the accessibility of cell surface GLUT 4 proteins for glucose transport ( Vannucci et al., 1992) . The net effect of adenosine, therefore, is similar to that of insulin in increasing the rate of glucose transport (Pessin and Bell, 1992) . Because their net effects are similar, adenosine increases the sensitivity to insulin (more glucose transported at submaximal insulin concentrations) without affecting maximum glucose transport (Klein et al., 1987; Londos, 1988; Ciaraldi et al., 1997) . Sensitivity is increased without a change in insulin receptor binding capacity (Klein et al., 1987) . We did not detect a difference in insulin sensitivity or binding capacity, but the small insulin responses in control adipocytes may make it difficult to detect subtle differences in sensitivity.
Although these studies demonstrate that G i -mediated events can mask insulin responses measured in vitro, questions must be raised about what conditions best represent the in vivo environment. Because insulin responses have been measured in vivo (Dunshea et al., 1992) , it seems likely that the absence of an insulin response in vitro represents an artifact of the incubation conditions and that, perhaps, blocking G i is a better representation of the in vivo environment.
Insulin and adenosine are potent antagonists of lipolysis in pig adipose tissue, decreasing both sensitivity and maximum response to isoproterenol. A similar pattern of response is seen with rat adipocytes (Smith et al., 1984) . The altered lipolytic rate is likely mediated by changes in cAMP. This is evidenced by the fact that dbcAMP-stimulated lipolysis is not affected by insulin, indicating that the mode of action of insulin is likely via increased activity of phosphodiesterase (Elks and Manganiello, 1985) . Adenosine (PIA) inhibited lipolysis completely and more profoundly than insulin, demonstrating the potential impact of G i in regulating adenylyl cyclase. The inhibitory impact of PIA has been demonstrated previously (Carey and Sidmore, 1994) . Because neither ADA nor pertussis toxin affect basal lipolysis, the primary effect was to increase sensitivity to isoproterenol and G s -mediated increase in cAMP.
Implications
The role of insulin in mediating glucose use in pig adipocytes and(or) the suitability of in vitro incubations conditions have been questioned because insulin responses in pig adipose tissue have been small or not detectable. These data point to the GTP-binding protein G i in masking the insulin stimulation of lipogenesis in vitro. It is possible that G i activity may be artificially elevated during in vitro incubations and that neutralizing G i may provide a better reflection of in vivo metabolism. In addition, insulin and adenosine seem to have major roles in regulating pig adipose tissue metabolism. These roles seem similar to those in rodent adipose tissue.
